Following meiosis II in Taxus microsporangia a small proportion of the tetrads regularly degenerated. Despite frequent inequality in the frequency of ribosomes between the spores of a tetrad, partial degeneration within a tetrad was never observed. The initial wall of the young spores was found to resemble the wall of the mother cell in containing a fibrillar layer, and the two walls may possess similar isolating properties. The symmetry of the tetrad was regularly iso-bilateral.
INTRODUCTION
In the conifers (with which the Taxaceae are generally associated) meiosis in the male cone terminates during telophase II with either the simultaneous formation of partitioning walls in the pollen mother cells, or with the partitioning of diads which have already been separated by a transverse wall (Moitra and Bhatnagar, 1982) . So far as is known this heterogeneity is not a feature of sporogenesis in pteridophytes (Sheffield and Bell, 1979; Lehmann, Neidhart and Schlenkermann, 1984) , nor of microsporogenesis in dicotyledonous flowering plants . Here the formation of partitioning walls is always of the simultaneous kind.
Each daughter cell is termed a microspore. The term 'microspore' is usually retained only when the spore is liberated in a uninucleate condition. In many seed plants the nucleus divides at least once before the spore is shed. The term 'pollen' then becomes appropriate. Within the gymnosperms pollen is produced by Gingko and Cycas (Bell and Woodcock, 1983 ) and most of the conifers, whilst some genera of the Taxaceae and Cupressaceae liberate microspores (Konar and Oberoi, 1969) . Nevertheless the distinction is not rigorously observed, and the microspores of Taxus and Cupressus are commonly regarded as 'pollen'. The symmetry of the tetrad also varies. In Pinus, for example, the microspore tetrad is tetrahedral. In Taxus the symmetry has hitherto not been clear, but light micrographs suggest that it is isobilateral.
Both microspores and pollen grains are enclosed when mature in a complex sporoderm. Although the origin of this sporoderm has many features in common in all seed plants, individual variations give unique features of diagnostic value. Amongst the conifers examples are provided by the air bladders of the pollen of Pinus and other members of the Pinaceae, and the cuticular hook of Cryptomeria pollen. All members of the Taxodiaceae (Brennan and Doyle, 1956 ) and the Cupressaceae (Duhoux, 1972) possess 'explosive pollen', the outer part of the sporoderm being thrown off at germination. The pollen of Taxus is similar but the development of the sporoderm has hitherto not been studied, and little developmental information in any instance has been available at an ultrastructural level.
MATERIALS AND METHODS
Small segments of male cones were prepared for electron microscopy as described by Pennell and Bell (1985) during the period November to February.
For the cytochemical localization of acid phosphatases by the Gomori technique material was prepared following a procedure modified from Barker and Anderson (1962) . Thin slices of cones were cut freehand with a razor and the slices collected in 1-5 per cent glutaraldehyde (TAAB, Reading, UK) in phosphate buffer (pH 6-9). The slices were inspected under a low power binocular microscope and the thinnest (< 1 mm) were transferred to fresh fixative. Fixation continued for 30 min at room temperature in the dark, after which they were washed for 20 min in 0-1 M Tris-maleate buffer (pH 5). Most of the slices were then placed in an aliquot of the incubation medium. The medium consisted of 10 ml distilled water, 10 ml of a solution of sodium /?-glycerophosphate (12-5 g I" 1 , pH 5), 10 ml 01 M Tris-maleate buffer (pH 5-4) and 2 ml of a solution of lead nitrate (2 g I" 1 ). The remainder of the material was divided between two modifications of this medium: the first in which the /?-glycerophosphate was replaced by an equal volume of distilled water, and the second in which sodium fluoride had been added to give a final concentration of 10 mM. All three samples were incubated at 37 °C for 30 min. Following washing and dehydration all the slices were embedded for electron microscopy.
A few thin slices of cones were fixed in acetic-alcohol (1 part glacial acetic acid : 3 parts ethyl alcohol) diluted 1 :4 with distilled water, for 1 h at 0 °C. After washing some of this material was rapidly frozen using OCT as a cryoprotectant (Ames, Elkhart, USA) and sectioned in a cryostat at 10 /im. The remaining material was dehydrated and embedded in Paraplast (Lancer, St Louis, USA). Sections of this material were cut at 4/«n.
Sections were stained in Calcofluor White (Sigma, Poole, UK; 10 mg I" 1 in distilled water) or aniline blue (GT Gurr, London, UK; 50 mg I" 1 in 1-5 g I" 1 K 2 HPO 4 brought to pH 9-5 with K 3 PO 4 ) and examined in a fluorescence microscope.
Fresh unfixed microspores were examined under phase-contrast optics, or with epifluorescence after staining with Calcofluor White, 3-4 benzpyrene-caffeine (Jensen, 1962) or Auramine 0 [Heslop Harrison 1977] . Some microspores were subjected to acetolysis by the method of Dickinson and Bell (1973) .
RESULTS

The formation of the tetrad
Meiosis I was completed by the end of November. Vesicles accumulating in the equatorial plane of the spindle coalesced and gave rise to a sinuous wall about 250 nm in width (Fig. 1 B) . This wall fluoresced brilliantly when stained with Calcofluor White (Fig. 1 A) and with aniline blue. The wall surrounding the diad fluoresced only with aniline blue. This wall, but not the dividing wall, contained a fibrillar layer (Fig. 1 B) about 100 nm in width. Meiosis II was completed in the following week so that tetrads of microspores were present in male cones sampled in December, the four microspores regularly lay in one plane. Here and there in the sporangium the outer walls of the tetrads were still in contact, but plasmodesmata were never observed at these sites ( Fig. 1 C) . The partitioning walls formed at telophase of meiosis II fluoresced particularly brilliantly with aniline blue. In the electron microscope these walls appeared similar to those giving rise to the diads, but a thin layer of fibrillar material was now present at the site of the middle lamellae of all the partitioning walls (Fig. 1C, arrows) . This fibrillar layer also became evident within the distal part of the wall of the forming spore lying on the inside of the similar fibrillar layer in the wall of the mother cell (Fig. 1C, inset) .
The cytoplasm of the four spores was often noticeably different, that derived from one diad cell being less dense than that derived from the other (Fig. 1C) , although no differences were detectable in the parent cells. In the example shown the frequencies of the ribosomes in the two pairs of cells differed by a factor of 3. Globules with markedly osmiophilic boundaries were frequent and they corresponded with numerous brightly fluorescing points when young tetrads were stained with benzpyrene-caffeine and viewed in the fluorescence microscope. Up to about 5 per cent of the tetrads in a sporangium degenerated altogether ( Fig. 1 D) but no instances were observed of the degeneration of only part of a tetrad.
The free spore period
The callosed walls of the pollen mother cells disappeared quickly and uniformly, so that by mid-December rounded microspores lay within the microsporangia (Fig. 2 A) . The cell walls which enclosed the young spores were 300 nm or more in width (Fig. 2 A) . The fibrillar layer of the wall which began to appear as meiosis was completed, was now at the outside of the spore and reached a thickness of about 100 nm ( Fig. 2 A, arrow) . The nuclei were large (reaching 10 fim in diameter), but nucleoli had not reformed. Some spore nuclei contained structures identical in appearance with synaptonemal complexes (Fig. 2B ), and these were always associated with condensed chromatin. The formation of these synaptonemal-like complexes coincided with the appearance of vacuoles within the nucleus (Fig. 2C) . These vacuoles reached up to 5 /im in diameter, and could often be seen to be formed at the inward extensions of the inner membrane of the nuclear envelope (Fig. 2C) , the profile of the boundary ranging from 2-5 to 50 nm in width. Granular material was often present (Fig. 2C) . The cytoplasm of the young spores was similar to that before release, although the osmiophilia of the ground cytoplasm were noticeably increased. Ribosome frequencies in electron micrographs, for example, were now of the order of 200-300 per/tm 2 , and differences in the density of cytoplasm between the spores were no longer conspicuous. Many small vesicles and lipid globules, 150 nm in diameter, were present (Fig. 2 A) . Smaller vesicles, about 100-200 nm in diameter, and containing extremely osmiophilic material, often lying asymmetrically to one side of the vesicle, were a striking feature at the periphery. They often protruded from the plasmalemma into the wall, or appeared to be free ( fig. 2 A) . They always remained distant from the fibrillar layer (Fig. 3 A) .
By the end of December the microspores had developed thickened walls uninterrupted by thinner areas or colpi. Staining with Calcofluor White yielded a discontinuous pattern of fluorescence, probably coming from an inner layer of the wall (Fig. 3 B) . In the electron microscope three layers were immediately visible. The inner, similar to the original wall of the spore but containing more scattered electron-opaque material, reaching about 150 nm in width. The layer outside this, reaching 200-250 nm in thickness, consisted largely of osmiophilic material arranged in lamellae (Fig. 3 C) . Up to six lamellae were frequently visible in section, each about 30 nm thick, a clear space of the same width often lying between superimposed lamellae. A narrow electron-transparent region (' white line') was often evident within the lamellae. The outer layer of the wall was formed by a uniseriate array of contiguous osmiophilic globules, 250-300 nm in width and 250-600 nm in height. Surface sections revealed no recognizable pattern in the arrangement of the globules. The sporoderm was now resistant to acetolysis and fluoresced when stained with Auramine O. The cytoplasm of the mature spores was strikingly vacuolate. Plastids were dedifferentiated and generally pleiomorphic. Nucleoli had reappeared but synaptonemal-like complexes and nuclear vacuoles were no longer present. During January and February the microspores changed little. Large vacuoles persisted in the cytoplasm and many others developed from the dictyosomes. A single cisterna of endoplasmic reticulum often encircled the nucleus. The microspores were shed in this condition in late February or early March.
The development of the tapetum
The tapetal cells were circumferentially elongated for the duration of meiosis, but during the post-meiotic period they became rounded. Many were binucleate and by February some were trinucleate. Their sinuous radial walls remained within 100-400 nm in width and contained a single fibrillar layer. Elongated amyloplasts, dictyosomes, and isolated cisternae of endoplasmic reticulum were frequent. Large vesicles and vacuoles gave the tapetum a foamy appearance in the light microscope. Some vesicles appeared to fuse and produce short branching channels in the cytoplasm (Fig. 3D) . Numerous spherical globules, each 100-200 nm in diameter, developed within a region extending no more than 800 nm from the radial walls (Fig. 3 E) . These globules were associated with the membranes of small vesicles and many such composite bodies were in contact with the radial plasmalemmas of the tapetal cells, and some lay within the walls themselves. Elsewhere in the walls were larger and less osmiophilic globules (Fig. 3 E) .
By about three weeks before anthesis, plastids could no longer be seen in the tapetum, but membranous whorls with a low affinity for osmium were common, sometimes reaching 10 /im in diameter and involving at least 12 membranes (Fig. 4B, arrows) . Small starch grains were present in some of these suggesting that they had formed around disintegrating plastids. The envelopes of some mitochondria also became discontinuous at this time. Simultaneously a number of osmiophilic sheets, 100 nm in width and up to 2 fim in length appeared in the radial walls. A clear channel, approximately 7 nm in width ('white line') was often visible at the centre of the sheet (Fig. 4A, inset) . Some of the sheets partly enclosed the less osmiophilic globules (Fig. 4 A) . When the enclosure was complete these structures could be identified with orbicules. Orbicules appeared simultaneously in both the walls of the tapetum and in the loculi of the sporangium. As the whorls of membranes proliferated the remaining ground cytoplasm became progressively more electron-opaque. Only mitochondria could be identified and these were often clumped (Fig. 4 B) . Large vacuoles developed and, with the rupture of the inner bounding membrane, the tapetum became partly amoeboid. A peritapetal membrane, often overlain with orbicules, could also be identified at this time (Fig. 4C) .
The Gomori reaction gave heavy electron-opaque deposits, absent in controls, along the plasmalemmas of the tapetal cells throughout meiosis. These deposits were particularly marked at the beginning of the degeneration of the tapetum (Fig. 4D) . 
DISCUSSION
The successive wall formation in the microspore mother cells of Taxus distinguishes this genus from many conifers. In Torreya, also Taxaceae, wall formation may be successive or simultaneous (Robertson, 1904) , and the tetrads may be tetrahedral or isobilateral, the four spores lying in one plane. The significance of successive and simultaneous wall formation in the tetrad is unknown, but in the latter the synthesis of the hemicelluloses which come to form the cell plate is evidently delayed until the completion of meiosis. Torreya appears to be labile in this respect whereas in Taxus the first division of meiosis is invariably completed by cell division, and the symmetry of the tetrad is regularly isobilateral.
The fibrillar layer which is present in the wall of the spore mother cells may be a feature common to the vascular archegoniates. It is seen, for example, in Pteridium (Sheffield and Bell, 1979) . Equisetum (Lehmann, Niedhart and Schlenkermann, 1984) , Dryopteris (Bell, unpublished) , and in megasporogenesis in Marsilea vestita (Bell, unpublished) , and Taxus (Pennell, 1984) , and in all instances this layer is absent from or far less conspicuous in the cell walls of the tapetum. It may confer some special properties on the wall, possibly reducing its permeability to large molecules, a common feature in the walls of spore mother cells (Mackenzie and Heslop Harrison, 1967) . In Taxus, as in many flowering plants, these walls are also callosed (in the sense of Mangin, 1889), but it is not possible to identify the fibrous layer with the site of the polysaccharides which form the fluorescent complex with aniline blue. The fibrillar layer which bounds each newly released microspore clearly originates at the completion of meiosis, and is not a continuation of the fibrillar layer in the wall of the mother cell. It can therefore be taken as the outer boundary of the initial wall of the spore before the differentiation of intine and exine. The bright aniline blue fluorescence of the partitioning walls in the tetrad suggests that the initial wall of the spore may have isolating properties similar to those of the original wall of the mother cell. This would ensure the continuing protection of the primordial gametophytic phase from sporophytic messengers in the tapetum before the acquisition of the exine.
The difference commonly observed between the cytoplasms of the two pairs of cells in each tetrad recalls a similar situation during microsporogenesis in Selaginella (Pettitt, 1977) . Pettitt suggests that it is a consequence of a polarized distribution of ribosomes in the spore mother cell, but no inequality was detected in Taxus, and no differences were evident between the diads. An alternative explanation is that in Taxus a factor or factors segregate at the first division of meiosis which result in plasmatic growth occurring more rapidly in one pair of spores than in the other. The absence of differential viability within the tetrad points to the differences between the microspores not being lethal. There may however be residual deleterious effects, reducing the ability of the male gametophytes to compete, when the pollen subsequently germinates on the surface of the nucellus.
The presence of synaptonemal complexes in microspores, recorded also in Allium cepa (Esponda and Gimenez-Martin, 1973 ) and possibly of more general occurrence, is a puzzling phenomenon. Although the chromosome number recorded for Taxus (2n = 12) does not preclude the possibility of the present-day species being a diploidized tetraploid with homoeologous chromosomes in the haploid condition, the nuclei in the microspores show no semblance of reduction. In animal tissues synaptonemal-like complexes in nuclei in somatic cells adjacent to others in which meiosis is occurring are well known (see, for example, Roth, 1966) , and can presumably be ascribed to some formative substance diffusing from the site of gametogenesis. In the instances recorded in plants no such explanation can hold since meiosis is completed throughout the loculus by the time the complexes appear. It seems that here there is possibly retention within the cell of the factors which lead to the formation of the complex during meiosis, but in a less regulated form. This would account for the complexes frequently being malformed and consisting of several parallel elements. It is noteworthy that the appearance of the complexes in the nuclei of the microspore is accompanied, as in the prophase of meiosis, by the formation of nuclear vacuoles. This is in line with the view expressed earlier (Pennell and Bell, 1985) that the formation of the vacuoles is a consequence of the complexes dragging on the inner membrane of the envelope, and that it is not necessarily an indication of intensive nucleo-cytoplasmic interaction, as proposed by Sheffield et al. (1979) .
The osmiophilic nature of the globules emerging from the surface of the protoplast of the young spore before its release from the tetrad points to their containing sporopollenin, or its immediate precursor. No embayments of the plasmalemma were seen immediately preceding the appearance of these globules, as is observed in Pinus banksiana (Dickinson, 1971) . The formation of these embayments, indicating the deposition of material between the protoplast and the wall, was identified as the first step in the determination of the pattern of the fully formed exine. Their absence in Taxus can be correlated with the absence of a recognizable pattern in the thickening of the wall. The failure of the osmiophilic globules which emerge from the protoplast to reach the fibrillar layer of the wall suggests that this layer is lost during the subsequent development of the exine.
Although the tapetal sporopollenin first appears close to the radial walls, this region is not clearly associated with any particular organelle. Its subsequent association with small vesicles may be secondary. The features of the degenerating tapetum of Taxus support the view of Dickinson and Bell (1972) that sporopollenin is capable of traversing tapetal membrances, apparently by fusing with the membrane and emerging as discrete globules on the other side. As in Pinus, the orbicules are frequently located within the tapetal walls, and the present observations suggest that they are formed at this site, the sporopollenin evidently showing a strong affinity for the pro-orbicular cores lying within the wall.
The formation of the sporoderm in Taxus is clearly different from that in Pinus. In Pinus the sexine is displaced centrifugally by the layered nexine formed at the surface of the protoplast (Dickinson, 1971) . A similar situation is seen in Lilium (Dickinson and Heslop Harrison, 1971) . In Taxus there is no evidence of a centrifugal displacement of sexine. The sporopollenin released as droplets from the cytoplasm appears to spread over the surface of the polysaccharide inner layer of the wall (which becomes identifiable as the intine), and form a surface on which the sporopollenin lamellae become stacked. Although Rohr (1977) considered these lamellae to be formed at the surface of the protoplast, this was never observed in our material, although it is conceivable, since the sporoderm forms very quickly, that this stage was missed. Nevertheless, the rapidity with which the lamellae accrete, and the absence of evidence of substantial secretory activity by the protoplasts of the microspores at this time, suggest that the origin of most if not all of the lamellae lies in the tapetum. The lamellae of the sporoderm and the tapetal sheets are closely similar in width and in the presence of the 'white line'. They may therefore be progressively transferred to the growing sporoderm. The final step would then be the accretion to the surface of the outer lamellae of droplets of sporopollenin, probably derived from orbicules released in the final stages of tapetal degeneration. Since the environment in the loculus is still aqueous at this time, hydrophobic forces would promote the coalescence of lipid substances and account for the formation of the verrucose outer layer of the sporoderm.
Although the ability of the Gomori technique to locate accurately acid phosphatases within cells has been questioned (Washitani and Sato, 1976) , the heavy lead deposits along the plasmalemma of the tapetal cells can be confidently taken as evidence of the presence of these enzymes. Acid phosphatases are commonly associated with autophagy (Matile, 1975) , and they are often accompanied by a range of other hydrolases. The
